Quantitative genetics has a long history in plants: It has been used to study specific biological processes, identify the factors important for trait evolution, and breed new crop varieties. These classical approaches to quantitative trait locus mapping have naturally improved with technology. In this review, we show how quantitative genetics has evolved recently in plants and how new developments in phenotyping, population generation, sequencing, gene manipulation, and statistics are rejuvenating both the classical linkage mapping approaches (for example, through nested association mapping) as well as the more recently developed genome-wide association studies. These strategies are complementary in most instances, and indeed, one is often used to confirm the results of the other. Despite significant advances, an emerging trend is that the outcome and efficiency of the different approaches depend greatly on the genetic architecture of the trait in the genetic material under study.
New Strategies and Tools in Quantitative Genetics: How to Go from the Phenotype to the Genotype
INTRODUCTION
One main aim in plant genetics is to identify the genes responsible for phenotypic variation associated with adaptive or agronomic traits. Investigating natural variation not only highlights the diversity present, which can be of potential use in crop improvement, but also can provide insights into the evolution and genetic regulation of complex traits. This review focuses on the current developments in phenomics and quantitative genetics strategies and how they are evolving (or will likely evolve) with the advent of modern tools. We focus in particular on some limiting factors and steps in quantitative genetics, such as phenotyping under controlled conditions, genetic material, and mapping strategies. Although we discuss the strong impact of massive sequencing in quantitative genetics, we do not specifically cover sequencing and genotyping methods.
PHENOTYPING AT DIFFERENT SCALES
The extensive study and characterization of the quantitative phenotypic variation that a plant genotype can occupy, which corresponds to the theoretical entity of the plant phenome, are key to understanding biological determinants and how the genetic background of a plant interacts with the environment. Phenomics-the comprehensive study of phenotypes-was therefore developed to provide insight into the complex, multidimensional nature of phenotypes (41). However, the lack of phenotyping accuracy in multiple environments and across different spatial and temporal scales is still a systematic limitation for quantitative genetics.
In the context of quantitative genetics approaches, phenotyping systems are characterized by dimensionality, resolution, and throughput, and they should meet many (if not all) of the key requirements of such systems, including reproducibility, high throughput, flexibility in environmental treatments, noninvasiveness, and integration of phenotypes at different scales. Reproducibility, which is also a result of homogeneity in both growth conditions and measurement, is one of the most significant factors, and the nongenetic variation caused by uncontrolled environmental perturbations should be avoided or minimized. Throughput is the limiting factor not only for nonautomated phenotyping approaches for large-scale studies, but also for measuring traits that require efficient and frequent screening. Moreover, studying a wide range of traits and conditions requires environmental treatments and monitoring that are diverse enough for use in a range of conditions, from field sites (not specifically covered here) to fully controlled environments. In plant phenotyping platforms, spatial and temporal resolutions are often technically imposed; the spatial scale can range from a single cell to a whole plant, and the temporal resolution can range from seconds to weeks (21).
Linkage mapping: mapping of QTLs in artificial segregating populations
Genetic architecture: the parameters describing the loci that control a trait's segregation; the same trait can have a "simple" genetic architecture in one population and a "complex" architecture in another dedicated to the study of small rosette plants or the main cereal species (65, 85, 116) . Moreover, the spatial resolution of these phenotyping systems is limited to external phenotypes of whole plants or plant organs, without taking into account the internal physiological or structural phenotype (36). Several efforts have been made toward phenotyping at scales down to the cell level by developing tools and computational methods to fuse images acquired from different angles (26, 68) . These techniques are difficult to automate for large-scale experiments because they often require essentially manual image acquisition and analysis. Some methods have been used in quantitative genetics studies for cell growth parameters (77, 121) .
To bridge the gap between genotype and external phenotype for complex quantitative traits, the next generation of phenotyping systems should integrate a multidimensional physiological phenotyping that will enable dissection of complex traits into individual physiological components that can be more readily quantified and studied genetically. This gap in knowledge of internal phenotypes, which is far from being filled, is shown clearly in efforts to breed drought-tolerant crops (123) .
The recent development of imaging systems has enabled phenotyping platforms to be equipped with a large range of high-resolution sensors for in-depth, high-dimensional phenotyping. Phenovator is an example of a recently developed platform that enables the active and repeated phenotyping of rosette plants for photosynthesis and important leaf pigments (e.g., carotenoids and chlorophyll) throughout plant growth (28). Additionally, the Dynamic Environmental Photosynthetic Imaging (DEPI) platform not only can measure photosynthesis by optical imaging, but also can mimic fluctuating environmental conditions by programmed changes in the room lighting, allowing the identification of novel phenotypes not revealed in standard laboratory conditions (19). Similarly, the SpectralPhenoClimatron growth chamber was developed to provide diurnal and seasonal control of temperature, light color and intensity, and humidity, aiming to fill the gap between controlled conditions and the field in the study of the genetics of adaptation (12, 66).
Other imaging systems are obvious additions to many platforms. Thermal imaging, for example, has been successfully applied for the estimation of transpiration and stomatal conductance to assess drought and heat stress responses. Hyperspectral imaging offers narrow-band data across a wide range of wavelengths that can be correlated with specific physiological features to help with decomposing the QTLs of integrative traits. However, noninvasive phenotyping using fluorescence, thermography, and reflectance can only indirectly assess physiological processes, and it is essential that the results be validated and calibrated with complementary physiological measurements and functional approaches under various environmental conditions and with different species and genotypes. The combination of high-throughput external phenotyping and higherresolution internal phenotyping will permit more dynamic insights into the plant phenome and link regulatory processes at the molecular level to external plant phenotypes. Last, but not least, the integration and comparison of multiple platforms' phenotypes represent another challenge.
Once phenotypes are obtained for a set of genotypes, linkage mapping and association mapping are commonly used to dissect the genetic architecture of complex traits. In the next sections, we focus on the recent evolution of the material and methods underlying these strategies and the complementarity between them.
CLASSICAL QUANTITATIVE GENETICS IS STILL IMPROVING
Linkage mapping analysis in experimental segregating populations is commonly used to dissect the genetic architecture of complex traits. Many different types of segregating populations, derived from the crossing of a limited number of genotypes, are available in plants (Figure 1) . Starting with the simplest segregating populations, where only two parental accessions are used, an F2 Recombinant inbred line (RIL): a type of segregating population in which two or more parental genomes are shuffled randomly in every line and immortalized at the homozygous state population is the fastest and easiest to generate in most plant species. For example, Salome et al. (110) validated the potential of this approach at a large scale by generating 17 F2 populations from 18 distinct accessions and identifying multiple novel QTLs for flowering time. The many heterozygous regions in F2 populations increase the number of lines required to obtain strong power for additive QTL detection but also allow dominance effects to be tested. Recent advances in sequencing technologies now permit the fast and cost-efficient genotyping of F2 populations and investigation of fundamental processes in plant genetics, such as meiotic recombination (104) . However, the need to genotype individuals in each experiment and the impossibility of using the same set of lines in different conditions has pushed plant geneticists to produce recombinant inbred line (RIL) populations from F2 lines by repeated selfing. Each RIL is characterized by high homozygosity and therefore represents a unique mosaic of the two parental genomes (100). RIL populations can be phenotyped repeatedly for different conditions and traits but are genotyped only once because of their homozygosity.
The long generation time (6-8 generations) of RIL populations was shortened by the creation of doubled haploid (DH) lines that enabled the development of such populations, especially in many crop species, such as barley (140) , rice (25), wheat (38, 136), rapeseed (130) , and maize (29, 93) . DHs are produced by converting haploid plants derived from F1s into diploids, and although this results in fewer recombinations than a RIL population has, it is the fastest way to obtain recombinant homozygous plants. One of the limitations of producing DHs is the requirement for haploid induction, usually through in vitro techniques or rare interspecific crosses, both of which are inhibited in most genotypes (22). To overcome these technical difficulties, Seymour et al. (113) developed for the first time a method to create DHs in Arabidopsis. Their recombinant DH population was generated through centromere-mediated genome elimination, taking advantage of the transgenic line cenh3-1-GFP (tailswap), which contains a modified centromere-specific histone CENH3 protein (99) . F1 wild-type plants were crossed to tailswap plants to produce recombinant haploids, and DH lines are generated by chromosomal doubling and validated by mapping QTLs for flowering time and petiole length (113).
Once a QTL has been identified, an efficient way to fine-map the contributing loci is to use introgression lines to accumulate extra recombination events while mendelizing the relevant loci. Introgression lines are developed by backcrossing a segregating line with a recurrent genotype until the entire genome except the locus of interest is similar to that of the recurrent parent. Near-isogenic lines (NILs) contain a relatively small homozygous introgressed fragment from one parent in the isogenic background of the other parent (54). The size of the introgressions depends largely on the number of backcross generations performed to obtain the NIL population (8). During construction of these populations, lines can be either genotypically or phenotypically supervised to present the traits or chromosomal regions of interest (78). As with RILs, the permanent homozygous genetic background offers the potential to study traits of interest in various environments and at various time points. NILs have been successfully generated for QTL mapping in many plant species, including Arabidopsis, tomato, rice, maize, wheat, and barley. In addition to the use of classical introgression lines, the segregation of a QTL can be confirmed and fine-mapped in heterogeneous inbred families. Such families are developed through the fixation of the heterozygous region in a given F6 or F7 RIL and thus allow the direct comparison of plants with alternative genotypes at the locus of interest in a common (but heterogeneous) homozygous background (69, 124) .
Chromosome substitution lines are lines that contain a single chromosome from a different donor genotype. They are valuable for mapping or fine-mapping, either in themselves or as a starting point for NILs, and are typically created through laborious and time-consuming crossing and genotyping during many generations until a specific chromosome substitution line has been The main advantage of classical linkage mapping relies on the power to detect rare variants, significantly increasing the possibility of identifying new alleles of genes involved in phenotypic variation. However, one of the main drawbacks of this approach is the low resolution of QTL confidence intervals (resulting from the limited number of recombination events exploited), which may contain hundreds of genes, resulting in time-consuming and laborious fine-mapping to find the causal gene and polymorphisms (8). Advanced intercross RILs have indeed been generated, by intercrossing several F2-derived generations before fixation, to increase the number of recombination events exploited in RILs (4), but the density of recombination remains limiting.
Bulk segregant analysis (BSA) is another method that offers a high ratio of observed recombination to genotyping effort. Two groups (bulks) of individuals from a segregating population (such as an F2) are selected to display a distinct phenotype distribution in order to skew the allele distribution in each bulk near the genetic interval(s) controlling the phenotype; the allele frequencies of unrelated loci, by contrast, should be equally distributed (32, 80). Takagi et al. (119) showed that BSA is as efficient as classical linkage mapping for mapping QTLs of resistance to the fungal pathogen Magnaporthe oryzae and seedling vigor in rice using either F2 or RIL populations. The genotyping of one or two bulks instead of all the individuals of a population is the great advantage of BSA, although of course these bulks are valid only for the specific phenotype used to make the bulks.
The advent of high-throughput genotyping technologies boosted the use of BSA as an efficient method to rapidly identify mutated genes in classical genetic screens (also called mapping by sequencing) (112) as well as to map quantitative traits in segregating populations (also called QTLseq or extreme QTL mapping) (111, 119, 133) and enabled the application of BSA to many plant species, including tomato (49), Primula veris (88), and Mimulus lewisii (108) . Moreover, BSA can be combined with many sequencing approaches, such as restriction-site-associated DNA sequencing (RAD-seq) or RNA sequencing (RNA-seq), with each combination carrying its own advantages and disadvantages (111) . For example, the use of RNA-seq data can be advantageous in species that lack a reference genome and/or have a large genome (117); however, information about intergenic regions and nonexpressed genes will be missing, and allele-specific expression may be misleading regarding allele frequencies if the regulatory sequence is not in linkage disequilibrium (LD) with the called single-nucleotide polymorphisms (SNPs). Heritability: the fraction of an observed trait's variation that is under genetic control
Nested association mapping (NAM):
a strategy that uses connected RIL sets to combine some of the advantages of linkage and association mapping
The mapping resolution of QTL-seq can be high if phenotyping is not a bottleneck and a large number of plants can be bulked, as in the study by Rishmawi et al. (102) , which led to the direct identification of a candidate gene for a major root hair branching locus. Although the number of individuals per bulk is important for QTL resolution, it is noteworthy that the power of BSA also depends on the sequencing depth and the heritability of the trait studied (23, 37, 73, 111). It is possible to dissect traits in populations with a more complex genetic architecture and to identify major and minor QTLs using this approach, as illustrated by a study of cold tolerance in rice (138) and a study of germination speed in Arabidopsis (143) .
Overall, BSA is an efficient and cost-effective way to map QTLs and, in the best case, to find candidate genes by overcoming the time-consuming and laborious classical fine-mapping strategy. However, it requires a large plant population and may be more suitable for studying traits that are easily phenotyped and have a high heritability and/or simple genetic architecture in the cross under study. Furthermore, because genotyped individuals are mixed together, BSA cannot directly identify epistatic interactions.
A major drawback of biparental populations is the limited amount of genetic diversity, which by definition is restricted to the contributions of the two founder parents. This issue, in combination with the advance of high-throughput genotyping technologies, motivated interest in generating complex multiparental populations. Although the number of founders is still limited, these populations are characterized by the segregation of much higher allelic diversity. Huang et al. (45) created the Arabidopsis multiparent recombinant inbred line (AMPRIL) population by crossing eight Arabidopsis founder accessions to generate six independent RIL sets, each consisting of a mosaic of four parental accessions. This population is a valuable resource for studying the allelic diversity of complex traits with great mapping resolution.
An alternative multiparental population scheme that increases the precision of QTL mapping by shuffling the genome and promoting intercrossing is called the multiparent advanced generation intercross (MAGIC) population. Multiple inbred founders are randomly intercrossed over several generations, and the resulting progeny are selfed until homozygosity is reached, thus facilitating the study of quantitative traits and their interaction with the environment. MAGIC populations were first created in Arabidopsis (60) and more recently have been created in many crop species, including tomato (90), wheat (42, 72), maize (39), rice (5), and chickpea (31), because the complex pedigree structure of MAGIC populations provides novel breeding opportunities. Additionally, in nonmodel plant species for which a reference genome sequence is not available, they offer a valuable resource for developing high-density linkage maps. MAGIC populations have a higher potential for QTL detection through the segregation of higher genetic diversity because the lines are mosaics of contributions from all founders. However, this advantage is possibly limited by epistasis, which is difficult to resolve because of the limited number of lines representing the numerous possible allelic combinations. Therefore, the experimental design and the choice of parental accessions are crucial for generating a multiparental population and should be adjusted depending on the objective of the derived population and the trait's genetic architecture.
Complementary to linkage mapping approaches, nested association mapping (NAM) (141) links molecular variation with phenotypic variation for complex traits in a star-like cross design. This approach combines the advantages of linkage analysis and association mapping and enables high power and high resolution through joint linkage and association analysis (10). We comment further on this strategy in Section 5.
A recent study in yeast demonstrated a novel breakthrough method for genetic mapping that uses the CRISPR/Cas9 system to perform targeted mitotic recombination events in regions of interest (106) . This approach takes advantage of the endonuclease Cas9 and a guide RNA to create a chromosomal double-strand break at a specific site during mitosis. This break leads to a loss of Genome-wide association study (GWAS): an approach that uses accessions directly to detect genotype-phenotype relationships heterozygosity in heterozygous individuals, making them homozygous from the recombination site to the telomere while leaving them unchanged (heterozygous) everywhere else. This method significantly increases the resolution of genetic mapping without the need for multiple cycles of intercrossing, and its application in plants could have a great impact on classical quantitative genetics approaches.
Roux et al. (103) recently shed light on the effects of cytonuclear interactions on fitness-related traits at the intraspecific level in Arabidopsis. By substituting cytoplasmic genomes among eight natural strains, they created a unique series of 56 cytolines to assess their cytonuclear interactions in 28 phenotypic traits. Remarkably, their results indicated that the nuclear genome interacts with the cytoplasmic genome to shape natural variation in 23 out of 28 phenotyping traits.
GENOME-WIDE ASSOCIATION STUDIES BECOME MORE THAN COMPLEMENTARY
In contrast to classical linkage mapping, genome-wide association studies (GWASs) are a population-based approach that takes advantage of the long history of recombination events in natural populations to identify small haplotype blocks associated with phenotypes of interest across species-scale diversity. Genotyping has long been the main limitation of this method, but in the last decade, the combination of decreased sequencing costs and improved data processing has promoted the use of the GWAS approach not only in model species (96) but also in crops (43). GWASs have shed light on the genetic architecture of agronomic traits in many plant species, including rice (46), maize (120), finger and foxtail millet (51, 98), sorghum (114) , sugarcane (97), spinach (70) , and trees (50). However, as major crops for world food security, rice and maize are at the forefront of crop GWASs. In these species, ambitious multitrait analyses have highlighted important agronomic QTLs useful for further breeding programs (46, 47, 127, 137). Here, we describe some of the advantages and possible limitations of the GWAS approach and discuss why it is complementary to segregating population mapping. The use of wild populations that diverged thousands of years ago is the first (if not the main) advantage of the GWAS approach over classical linkage mapping. In regard to this timescale, and depending on the reproductive biology of the species, the accumulation of recombination events across generations reduces the extent of LD and thus ensures a finer exploration of the genome, providing that the marker density is adequate. As a consequence, the resolution of the QTLs identified through a GWAS can directly highlight candidate genes. Because intraspecific and interspecific LD can vary dramatically (27), LD assessment in the association panel used is one of the first steps of GWAS establishment. The LD measure should determine the marker density required to ensure the detection of all the haplotypes along the genome. In Arabidopsis, LD decays rapidly (within 10 kb, in most cases), so the optimal number of SNPs necessary to indirectly survey any polymorphism in the genome (∼135 Mb) has been estimated at between 140,000 and 240,000, and SNP arrays were initially designed accordingly (40, 55). However, LD is not homogeneous along the genome, and even in Arabidopsis, an association block may still cover several candidate genes.
With sequencing costs still falling and new methods available to reduce the processing time of the statistical analysis, it is now feasible to use full genomic information in a GWAS. A comparison of the use of resequencing data with the use of a SNP array in Arabidopsis showed that a denser genotypic set can still be beneficial and improve statistical power (1). Moreover, whole-genome sequencing allows one to screen all polymorphisms that have a potential impact on gene function in the confidence interval of the association peak and to identify candidate genes. Yano et al. (139) Here, polymorphism e (not causal) is in linkage disequilibrium with polymorphism g (causal) and therefore emerges from the GWAS analysis. After correction for population structure, some loci may no longer be detected (false negatives) because of correlations between QTL allele distribution and population structure ( f, causal). (h,i ) Compared with the GWAS approach, linkage mapping has poor power to detect linked QTLs, particularly when they have opposite effects. Depending on the alleles segregating in the parents of the RIL population, loci detected using GWAS mapping may or may not be detected by linkage mapping. For example, in the RIL population issued from cross j, linkage mapping would detect only one QTL ( g). Abbreviations: GWAS, genome-wide association study; QTL, quantitative trait locus; RIL, recombinant inbred line.
recently used this approach in a GWAS conducted on rice to rapidly identify both previously known and new candidate genes within the association confidence intervals. Another interesting point in this study was the characterization of a causal gene located more than 1 Mb away from the closest association peak as a result of allelic heterogeneity. LD extent is often related to the species mating system. In this regard, outcrossing allows more mixing of genetic diversity between individuals of a population than does selfing, which can lead to almost pure homozygous lines (71) . For example, in rice, LD in the autogamous cultivated subspecies Oryza sativa decays over ∼150 kb, whereas in lines of the wild outcrossing species Oryza rufipogon, it decays rapidly over ∼20 kb (46, 75). Huang et al. (44) therefore estimated that the resolution of the GWAS mapping in O. rufipogon is three times better than that in O. sativa. The reduction of diversity that typically accompanies domestication can also affect the size of haplotype blocks, as exemplified by the difference between cultivated and wild barley (both of which are selfing species), which have LD extents of several hundred kilobases and a few kilobases, respectively (14, 82). In maize, a typical outcrossing species, LD decays within ∼2 kb (33, 134); maize is therefore well suited for GWASs, as this approach should point directly to candidate genes. For example, a GWAS conducted on maize seedlings subjected to drought stress identified 42 candidate genes (129) . Looking at the most significant SNPs located on chromosome 9 and using further functional and resequencing analysis, the authors demonstrated that a 366-base-pair insertion in its promoter promotes the drought responsiveness of the Zea mays vacuolar-type H + pyrophosphatase 1 (ZmVPP1) gene. Meijon et al. (77) carried out an impressive GWAS designed to study root morphology at the cellular level in Arabidopsis. Expression analysis of the genes in the confidence interval of the most significant association (albeit below the threshold) led to the identification of a new F-box gene named KURZ UND KLEIN (KUK), which is involved in the length of the root apical meristem and mature cortical cells.
Overall, these examples illustrate that GWAS resolution can vary dramatically, from the level of individual genes to several hundred kilobases, depending on the LD of the association panel and other parameters (including population structure; see below). In addition, the most significantly associated SNP will not necessarily be the closest to the causal gene or polymorphism (53), and there are likely to be false negatives (2, 16). The amount of genotypic data used for GWASs of hundreds of natural lines provides a better picture of species-wide allelic diversity, frequency, and combination than linkage mapping does. This difference is relevant for studying what happens in nature (or during the domestication/breeding process) and highlights the forces driving natural and/or agronomic selection (79).
However, the broader genetic base of GWASs is counterbalanced by the difficulty of identifying rare alleles, which can represent a large fraction of the genetic variation (47, 63, 105, 135) and are particularly interesting when studying adaptation because many traits seem to be prone to genetic and allelic heterogeneity (6, 48, 107). Rare alleles (e.g., those with a frequency of <5% in the population) are typically not used in GWASs because they are not assessed properly owing to lack of representation in the studied set. As the statistical power of a GWAS depends on both the allelic effect on the phenotype and the allele frequency, there is little power to detect even moderately frequent alleles of small effect (57). In the case of epistasis-another complicating factor in GWASs-sample size is again the primary limitation, but computing power is also a constraint, although methods have emerged to address this challenge (145) . From this perspective, a GWAS can be conducted as a first step toward uncovering the genetic architecture of complex traits (128, 146) and toward selecting two or more natural lines from an association panel in order to generate a segregating population for further confirmation of linkage, illustrating the complementarity of association and linkage mapping (10). Working in a well-chosen homozygous segregating population artificially restores a rare allele to a frequency of ∼50% and each allelic combination from a bilocus epistasis to 25%.
RNA-seq can be coupled with GWAS to target genotypic information to expressed genes and subsequently analyze candidate genes' transcription. A GWAS conducted on 368 maize inbred lines genotyped with more than a million expressed SNPs identified 74 loci involved in kernel oil concentration and fatty acid composition (63). The functional annotation of the genes in the confidence intervals identified several candidate genes involved in lipid metabolism. Although RNA-seq data do not provide information about noncoding sequences, it is possible to resequence candidate genes and identify causal mutations. RNA-seq data can also be used to estimate the expression correlation between candidate genes and with other genes and to build complex coexpression networks (63). Moreover, RNA-seq data can be used directly as phenotypes for association in order to study the genetic basis of expression variation (18, 30, 52), an approach that is advantageously complemented by allele-specific expression assays in hybrids (20).
Epigenetic variation can also generate phenotypic diversity. Epigenetic marks usually remain linked to genotypic information in segregating populations (and therefore are taken into account by mapping) but may also be at least partly shuffled from DNA haplotypes in GWAS populations, requiring that these marks be considered independently. Thus, recent work has begun to include epigenetic information in the source of variation (52).
The GWAS limitation that has received the most attention is the confounding effect arising from the genetic background. Population structure, which generally describes remote the common ancestry of large groups of individuals, can cause LD between the causal variants of a given trait and unlinked loci throughout the genome, leading to spurious genotype-phenotype associations (Figure 2) . This occurrence of false positives is particularly important when the addressed phenotypic variation overlaps with the pattern of population structure and/or environmental clines (126) . Phenomena such as allelic incompatibilities, although more limited in scale, may cause LD in the genetic background and result in the same spurious associations. Several methods have been developed to take population structure into account, such as using the cluster membership obtained with STRUCTURE software (95) or using the largest variance-explaining factor detected by principal component analysis (94) as a fixed effect in the association model. An additional improvement, based on Fisher's observation in 1918 that similarity between individuals correlates with the number of shared alleles, models phenotype with a linear mixed model that accounts for the phenotypic variation that is linked with accessions' pairwise relatedness (83, 142). Overall, these methods reduce the number of false positives but also reduce sensitivity (67). The appearance of false negatives when correcting population relatedness is especially likely when the environmental conditions that constrain phenotypic variation and genetic variants overlap with population structure. In addition, these models can artificially inflate the association score of rare alleles, leading to an increase in the minimal minor allele frequency (sometimes up to 10%) (11). Overall, it should be noted that the most direct way to confirm an association and clearly rule out a false positive remains to study the segregation of the locus in a relevant cross by linkage mapping.
Undetected rare alleles and confounding genetic background effects could also be partially avoided by working with GWAS samples from regional scales. This approach decreases the variation in relatedness and the number of genes and alleles per locus that contribute to the phenotypic variation observed for a given trait (11, 57). However, the countereffect is a reduction of the genetic diversity uncovered and possibly an increase in the average LD extent (15), limiting the resolution of GWAS mapping. It is also possible to run GWAS first on the whole association panel and then on subpopulations to see whether new associations arise. For example, a GWAS conducted on an association panel of 367 maize inbred lines led to the identification of 42 significantly associated SNPs; the use of 152 tropical/subtropical lines and 149 temperate lines independently allowed the authors to identify 21 and 20 new associated SNPs, respectively (129) .
The association panel design is critical for GWAS success. A good design requires taking into account the population structure and relatedness as well as optimizing the genotypic and phenotypic diversity in order to find the best balance among those parameters. Core association panels have been developed in several species based on these criteria (56, 87, 114). For instance, from a maize collection of 632 inbred lines, Yan et al. (134) were able to survey 90% of the haplotype diversity with only 60 lines. GWASs can be conducted on a small association panel, most notably for traits with a simple genetic architecture and high heritability. The resistance gene RESISTANCE TO P. SYRINGAE PV MACULICOLA 1 (RPM1) (35) was easily found by a GWAS of fewer than 100 Arabidopsis accessions based on the hypersensitive response triggered by the bacterial avirulence gene AvrRPM1 (2). However, even in the case of a simple genetic architecture, the use of a larger association panel provides stronger statistical power. In studies of sodium concentration in Arabidopsis leaves, GWASs performed with association panels of 93 and 349 lines provided 2 and 12 associated SNPs, respectively, within HIGH-AFFINITY K + TRANSPORTER 1 (HKT1), a causal gene that encodes a sodium transporter (2, 7). In a study of cadmium concentration in Arabidopsis leaves, only the association panel of 349 lines enabled the detection of HEAVY METAL ATPASE 3 (HMA3), a causal gene that encodes a major component of cadmium homeostasis in Arabidopsis (17).
Finally, multitrait and/or multienvironment models for GWASs using mixed models can increase the power to detect associations (58). At least in certain species, the GWAS approach is becoming the strategy of choice for quantitative genetics, especially when the development of more advanced genetic material is difficult.
IS NESTED ASSOCIATION MAPPING THE RIGHT BALANCE?
NAM is a recently developed strategy for finely mapping QTLs that aims to combine the power of QTL detection in linkage analyses and the resolution of association mapping approaches (141) . NAM was initially developed in maize by Buckler et al. (13), who used a multiparental mapping population that consisted of 25 founder lines crossed with one common line in a star-like crossing design, resulting in 25 RIL sets connected by one parent. They then genotyped the RILs and parental inbreds with common-parent-specific markers at a relatively low density and inferred the inheritance of the genome region nested within two of these markers through linkage. Commonparent-specific alleles are used to normalize the genetic background for mapping of segregating alleles in founder lines and to relativize the effect of genetic heterogeneity. Joint linkage mapping is performed on the phenotypic data of all RILs simultaneously in a single model, taking into account the RIL family effect while providing an estimate of the total variance associated with a genomic region. This strategy exploits both ancient and recent recombination events in a supposedly balanced way and increases mapping resolution and power by effectively combining the strengths of both association and linkage mapping (141) . Ogut et al. (89) recently used a maize NAM population to compare joint-family and single-family QTL mapping in order to evaluate their relative power to detect rare small-effect QTLs. Their results suggested that, although joint-family QTL models still miss some rare large-effect QTLs, they have the power to detect a larger number of small-effect QTLs. Hence, joint-family and single-family analyses can be complementary.
After intense material development and sharing, NAM has been widely used in maize to study various traits, including flowering time (13), disease resistance (61, 92), plant architecture (91), and carbon and nitrogen metabolism (144) . Recent studies have also exploited the advantages of NAM populations in barley (76) and wheat (3). In Arabidopsis, multiparent populations such as MAGIC lines and AMPRILs share some of NAM's advantages (see Section 3), but no approach specifically uses NAM statistics yet. However, there are several connected RIL sets in Arabidopsis that should allow the use of this approach (115) .
Drawbacks of NAM result from the need to carefully choose the crossing design based on the number of founders, the need for large-scale phenotyping of thousands of plants, and the presence of genetic and allelic heterogeneity (8). As discussed in Section 3, the development of RILs is labor intensive and requires several generations. New mating designs in a NAM context, such as doubled haploid NAM (DH-NAM), backcross NAM (BC-NAM) (64), and advanced backcross NAM (AB-NAM) (86), have been suggested in order to shorten this time. NAM is a promising strategy that can offer the right balance between linkage analysis and association mapping. However, each mating design should be adjusted to the species, taking into consideration the genetic diversity and reproductive system of the plants (i.e., whether they allow easy crossing and selfing) and keeping in mind that the number of parental inbreds should be larger for species with a large number of rare alleles (118).
FINAL REMARK
Overall, the decisive limiting factor common to all quantitative genetics approaches is the genetic architecture of the trait under consideration in the studied population, which remains difficult to predict before the mapping has been performed. Among the features that will be decisive for the efficiency of the approach are the number and distribution of loci, number of alleles per loci, explained variance per loci, additivity/dominance, epistatic interaction between loci, frequency of the allele in the population, and interactions with the environment. Preliminary exploration of these factors in subpopulations in order to estimate a trait's heritability and complexity under specific phenotyping conditions can help investigators avoid disappointment.
SUMMARY POINTS
1. The genetic architecture of a trait within the genetic material is the key factor that determines the efficiency of different quantitative genetics strategies.
2. Recently emerged tools such as haploid-inducer and achiasmatic lines allow advanced material (such as recombinant inbred lines, near-isogenic lines, and chromosome substitution lines) to be generated more easily. 
